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Introduction
The Pediatrics Epidemiology Center (PEC), located within the University of South Florida, College of Medicine, Department of Pediatrics, acts as a Data and Technology Coordinating Center to several large multi-site and multi-national epidemiologic and clinical intervention studies, including the genetic markers (HLA genotype DR 3/4, DR 4/4 and certain others). The study aim is to characterize environmental factors that help explain reasons why some genetically at-risk children develop T1DM while others do not. Investigators collect serum and plasma samples from enrolled infants beginning 90 days post-partum, then every 3 months until age 4, and every 6 months thereafter until age 15. Laboratory assays monitor for the presence of autoantibodies associated with the disease, as well as biomarkers for nutrients, cytokines, and pathogens that have been associated with either higher or lower risk of T1DM in prior research. Data collection also involves physical assessments such as growth rates, as well as numerous self-reported questionnaires about pregnancy and child diet, child and maternal medications, infections, vaccinations, and psychosocial stressors. The projected enrollment screening of over 220,000 and enrollment of over 7000 newborns involves multiple clinical centers in Europe and North America (Finland, Germany, Sweden, and the USA).
The accurate coding of medications and dietary supplements in TEDDY, as in any clinical trial, is vitally important, even though this trial, like many others, is not investigating the use of these products per se. Yet participants' use of supplements and/or medications may influence a number of important factors, such as researchers' choice of entry criteria for a clinical trial, evaluation of the effectiveness of a clinical trial, and analysis of the determinants of health and disease.
There is no single internationally recognized standard for recording and categorizing data for medications, for medical foods such as infant formulas, or for dietary supplements, and there is not even an internationally accepted definition of what constitutes a dietary supplement. Prior studies have used a variety of coding mechanisms to record data on drugs [3] [4] [5] [6] and dietary supplements [7] [8] [9] , including locally developed drug lists, as well as nationally representative commercial databases such as MediSpan, but there has not been consistency in research methodologies. Data standards at an international level are imperative not only for improved epidemiological research, but for other types of clinical research and patient care as well. This journal has served as an international forum for nations to discuss their requirements [10] , challenges [11, 12] and selection [10, [13] [14] [15] [16] [17] of various healthcare data standards [13, 15] . The use of standards in international settings is expensive and complicated by factors including financial, technical, cultural, legal and security and privacy issues [14] . Despite these challenges, successful multi-nation standardization endeavors have been demonstrated [18] . International data standards are the foundation for the global exchange of health information which promises to improve patient quality of life and public health [19] in coming decades, and this work moves to create discussion and consensus in our interest area of medications and dietary supplements.In an effort to produce harmonized data in our four TEDDY countries, we sought to establish both definitions and data recording standards for these constructs to enable collection of robust and comparable information on reported medications, infant formulas, and dietary supplements. We summarize our experience and highlight lessons learned and future research areas.
Requirements for medication and dietary supplement data in TEDDY
In the self-reported portions of data collection for the TEDDY study, subjects typically cite specific prescription and OTC medications, traditional medicines, and dietary supplements. Standardizing the collection and capture of these data is critical for meaningful analyses, but there are several "levels" of standardization to consider. A first issue is classifying the nature of the substance ingested (e.g., OTC medication, traditional medicine, dietary supplement, etc.). A second issue concerns verification of products stated in subjects' selfreports, as it is not uncommon for dietary supplements to be perceived and reported as medications, and vice versa. A third issue is determining what pieces of information should be collected for each (e.g., name, ingredients, or dosage) and whether this can be done consistently across data collection sites. The final issue is then choosing appropriate data standards for each construct and to facilitate the coding of products at the same level of detail for each of many data collection sites.
Types of data collected and operating environment
Data for the TEDDY study are collected by distributed research staff using scannable automated forms, and the data are transmitted electronically through scanning, or manually entered on on-line forms to the PEC. Table 1 shows items from TEDDY questionnaires that have generated subjects' responses about dietary supplements and medications. There were three major requirements for "standard" medication and/or dietary supplement names in the TEDDY project. First, because of the use of scannable automated forms and the various languages involved, there was a need for a code to support each reported substance. The use of free text was not feasible because of length restrictions for the automated form fields, the high likelihood of spelling errors on forms or scanning errors due to multiple handwriting sources and multiple languages. Given the need for a alphanumeric code for each medication, the ideal standard should adhere to best practice criteria [20] regarding the management of numerical codes. The codes should be non-sensical, unique, non-ambiguous, permanent, and should never be recycled to encode other concepts. Additionally, the ideal standard for a long-term project, such as TEDDY should include a defined process to add codes as new products or gaps in the standard are discovered [21] .
The second major requirement in identifying a standard for medication or dietary supplement names in the TEDDY project is that the ideal standard would be something in routine use in all of the member countries. However, as previously described, there are currently no international standard coding schemes for these products. The third requirement for a standard for is the need to store generic-named substances that are reported by study participants by brand (and generic) names. The ideal coding scheme needed to include relationships between brand names and (generic) ingredient names. To date, there are no comprehensive electronic sources that capture brand name-generic relationships globally, although individual countries may have reputable sources for this. In an effort to institute best practices for coding these products within the TEDDY study, the PEC began by identifying the three major standards requirements mentioned above. Then we evaluated against the needs of our study the status of named data standards under consideration by relevant policy and standards bodies in European Union and the United States, as well as the data collection methods of other large multi-national studies.
1.3.
Relevant standards: USA
In the USA, the National Institutes of Health (NIH) has proposed a roadmap for research in order to establish standards for clinical trials [22] . Test projects of this roadmap include centralized data management for distributed research, the harmonization of clinical and research data, and the use of data standards throughout the research process. The Consolidated Health Informatics (CHI) initiative is a collaborative agreement between all US federal organizations that collect healthcare data. Representatives from multiple agencies have worked together to identify and recommend the use of the "best" data standards in a variety of areas (e.g., laboratory, test names, and clinical drugs) [23] .
The CHI has named RxNorm as the standard for clinical drug names, principally for prescription medications. There is no named CHI standard for dietary supplements or medical foods. RxNorm is a database produced and managed by the US National Library of Medicine (NLM). RxNorm uses a controlled nomenclature of medications at varying levels of detail [24] , using a simple relational model that associates multiple dosages, forms, and packaging of medications to their component ingredients (as generic or non-proprietary brand names) [25] .
RxNorm does include a small number of dietary supplements; however, most of the estimated 30,000 dietary supplements sold in the USA are not part of the RxNorm inventory. A domain for dietary supplements is not even recognized by CHI, indicating that CHI will not propose standards for these products. Additionally, there is no national database for dietary supplements. A number of large research studies have developed specific supplement databases pursuant to their study needs [9, 26, 27] . And, a certain number of dietary supplements are included in food databases designed for nutrition research, such as the US Department of Agriculture's National Nutrient Database, and the Nutrition Data System (NDS-R) (University of Minnesota, Minneapolis, MN). NDS-R is the database used in the TEDDY study for recording food intakes. However, NDS-R does not contain information for most dietary supplements and many infant formulas reported by our subjects, and planned expansion of the dietary supplement coverage is limited.
The lack of standards and common data repository for dietary supplement information is coupled with poor visibility for researchers into a shifting and volatile product marketplace on the US side of the Atlantic. The North American dietary supplement industry experiences a lively and dynamic business environment, with continuing product reformulations, discontinuations, and new offerings in response to supply and demand. Market conditions for dietary supplements more closely align with those of the food industry, not the pharmaceutical industry. This allows for continual product change; for example, a product with the same name and manufacturer can have different ingredients and doses depending on date of manufacture. This is a fundamental market condition that will provide enduring challenge for researchers who need to track and code products and their constituent ingredients.
The supplement markets are loosely regulated by the Dietary Supplement Health and Education Act (DSHEA), a 1994 amendment to the Federal Food, Drug and Cosmetic Act. The DSHEA does not regulate dose ranges or product constituents beyond the scope of safety and/or maximum intake limits for certain substances where adverse effects are known. Additionally, there are no regulatory measures to govern the public reporting of product changes, and, new dietary supplements require no pre-market approval unless they contain novel ingredients that were not previously sold.
At present, the NIH Office of Dietary Supplements (ODS) has made advances to create a database in conjunction with publicly downloadable SAS datasets created by the National Center for Health Statistics (NCHS). However, the NCHS data are limited to those dietary supplements actually reported by participants in the nationwide survey known as CSFII-NHANES; these datasets represent a small fraction of products being sold. Also, the NCHS datasets are compiled retrospectively, so that many entries are made obsolete either due to product discontinuance or product reformulation.
The ODS has also begun efforts to expand a proprietary industry database, so as to include label information for all dietary supplements sold in the USA. The expansion of the proprietary industry database will require the updating, coding and maintenance of an entire system of data structures, user interfaces, business logic, and other interactive components. Availability of the database is not expected until well into the next decade.
Relevant standards: European Union
European pharmaceutical and dietary supplement products can differ markedly from those sold in the US and may differ among the EU Member States, as do cultural practices and professional guidelines for the use of medicines and dietary supplements. And a number of factors impact product coding in the EU. Overall, the World Health Organization (WHO) has developed the International Nonproprietary Names (INN) initiative to provide a global standard naming for non-proprietary (generic) items. However, there is no accessible numerical code associated with unique drug names, or brand names, and it is the brand name that is most often reported by study participants. The INN does not maintain the many different brand names (across countries) for each generic drug. Nor is there an INN system of nomenclature for dietary supplements. The London-based European Medicines Agency (EMEA) is the organization chartered by the EU to oversee the evaluation and supervision of medicines and to adopt a mutual recognition procedure. The current EU regulations for the naming of medications require one single name to be used for a medicinal product in all Member States. The name may be either an invented (brand) name, an INN name, or a scientific name, together with a trademark or name of the manufacturer, followed by the strength and the pharmaceutical form [28] .
In a separate EU undertaking, the European eHealth Action Plan, adopted in 2004, is providing a roadmap for interoperable healthcare systems among Member States. The proposal of standards for coding medications is included in the eHealth Action Plan, and is targeting to operations that support clinicians in patient care. Among the systems under consideration are SNOMED CT [29, 30] and GALEN [31] [32] [33] . SNOMED CT is a comprehensive controlled clinical vocabulary, initiated over 40 years ago under sponsorship of the College of American Pathologists. GALEN was developed as a common reference model for surgical procedures in Europe, and was later extended to include generic drugs, their composition in terms of chemicals and chemical classes, their actions, indications, and interactions, based on a language independent model. Product standards for dietary supplements sold in the EU are just evolving under the auspices of two recent regulatory documents, the Food Supplements Directive (FSD) [34] and the Traditional Herbal Medicinal Products Directive (THMPD) [35] . The THMPD, adopted in 2004, created a group within the EMEA, the Committee on Herbal Medicinal Products, charged with establishing product registrations, monographs, and indications for substances such as herbs, roots, algae and other natural products which are used as folk or traditional medicines. At present, the Committee has scheduled regular and frequent meetings in an effort to create a list of authorized products and doses. But the creation of the approved substances/doses list is a major undertaking, and it is unclear when the list will be made available.
The FSD, initially adopted in 2002, creates a single market in non-medicinal food supplements throughout the EU by integrating regulation for ingredients, forms of ingredients, and doses. The FSD directed an extensive safety evaluation, followed by regulations for marketing and labeling food supplements. Currently, the FSD deals with only vitamins and minerals and will not go into full effect until December 31, 2009. The FSD is likely to be extended to cover additional products, possibly including some herb and plant extracts that are not listed under THMPD. Additionally, the FSD allows for local country regulations to prevail in cases where country-specific regulations differ from those specified under the FSD.
Approach used in our study
An early challenge for TEDDY was the ascertainment of specific definitions to use for the various products, as the distinction between medication and dietary supplement is often blurred. We considered the following classifications:
( 
Operational considerations
The blurred boundaries among prescription and other medicines, and dietary supplements are often exacerbated by difficulties in obtaining complete and accurate data from subject self-report. To collect the most accurate and detailed information, staff members in the TEDDY study ask participants to bring to the clinic the product labels and bottles, but typically the subjects do not. And, a large percentage of study participants are unable to identify their medications and dietary supplements beyond the brand name, or general product description. Research staff thus must engage in the often tedious and time-intensive process of determining product ingredients and dosage, then making a determination about how to define and code them within the study's data structures.
Standard rationale and implementation-RxNorm for medications
RxNorm was selected as the ideal standard for coding medications in the TEDDY study because it meets all of the requirements outlined above. While it is not international in mission, the NLM does strive to address international needs in all of its activities, and as a rule ensures free and global access to its products. The library guarantees "best" terminology practices [20] , and the numerical codes in RxNorm will never be changed or reassigned. These code numbers are easily accessible through the NLM-developed UMLS and the RxNav [38] interfaces.
RxNorm uses a controlled nomenclature of medications at varying levels of detail [24] , using a simple relational model that associates multiple dosages, forms, and packaging of medications to their component ingredients (as generic or non-proprietary brand names) [25] (Fig. 1.) RxNorm provides standard names for clinical drugs (active ingredient + strength + dose form) as administered to patients. It provides links from clinical drugs, both branded and generic, to their active ingredients, drug components (active ingredient + strength), and related brand names.
In the USA, National Drug Codes (NDCs) adopted by the FDA for specific products (where there are often many NDC codes for a single product) are linked to a specific item in RxNorm. RxNorm also links its names to medication lists commonly used in pharmacy management and drug interaction software. The current focus of RxNorm is on US drugs to support the representation of administered drug products for hospital information systems [24] RxNorm contains prescription medications and some OTC products (e.g., single vitamin preparations, pain relievers, antacids).
Standard rationale and implementation-dietary supplements
Given the lack of standard definitions for dietary supplements and traditional medicines, the TEDDY study decided to generally implement the DSHEA definition, because it is wider in scope and includes products covered by both the FSD and THMPD in the EU. Study personnel follow procedures to record any pill, capsule, extract, or powder as a dietary supplement unless it is identifiable through RxNorm as a medication. A vitamin or other nutrient that is not administered orally (such as intramuscular or subcutaneous injection) is recorded as a medication. Also, if an herbal product or other DHSEA-defined dietary supplement is taken on the advice of a health care practitioner in connection with treating a health condition, it is recorded as a medication, in keeping with the language of the THMPD. Additionally, homeopathic products are recorded as medications because, while often confused with dietary supplements, they are licensed as medicines in the TEDDY countries where they are sold, and are included in the definition of medicines in the US Food, Drug and Cosmetic Act.
In our efforts to identify a suitable data repository for dietary supplements and traditional medicines taken in the absence of recommendation by a health professional, we concluded that no existing coding or data collection system meets the need of a large-scale multi-national trial such as TEDDY. The decision was made to create a relational database to catalog products reported by our subjects. The structure of the dietary supplement database was inspired by the RxNorm data model and is scheduled to be under continuous update as new products are reported throughout the study. The model captures relationships between brand name, ingredient, ingredient strength, and product form, and enable a user to query from the specific to the generic and vice versa, to allow data entry and look up by varying levels of detail (e.g., brand, ingredient, dosage, form, packaging,) with defined relationships between these constructs, as shown in Fig. 2 . This structure therefore allows data to be recorded at varying levels of detail, but the relationships between the levels of detail are explicit.
Products are keyed by brand name, as this is the way study participants typically report them. In addition to brand name, the database includes variables to capture manufacturer, dosage, dosage form, and the ingredient content of 40 constituents and their chemical form. For products that are discontinued or reformulated, PEC staff obtain the entry and exit date of each formulation and record that data into separate variables. There is a variable to capture the source of our information (product label, supplier, ODS, etc.). Another variable captures miscellaneous product attributes, such as filler and binder constituents, and substances not recognized as containing nutrients, such as many herbs. We have also included variables to record whether the product dose and ingredients have been authenticated in laboratory assays, and the source of that authentication. This information is needed due to lingering issues regarding manufacturing quality control; some dietary supplements have been found to contain ingredients and/or doses substantially different than those listed on the label.
In addition to DSHEA-defined dietary supplements, our database includes other products, such as infant feeding formulas. While we found that the ingredients of many infant formulas are available in our four country-specific food databases, there is no data repository national or otherwise, to capture data at the level of detail desired for the TEDDY study. For example, many infant formulas now include functional components such as prebiotics/probiotics, or include specialized or hydrolyzed proteins-constituents which are not readily identifiable in traditional food databases, but may be valuable in the analyses of outcomes. The dietary supplements database also records certain other traditional medicines and functional foods reported by our population (such as vitamin waters, and highly fortified nutritional drinks).
Process for collecting medication data in TEDDY project
The process identified for the coding of medications in TEDDY includes reporting medications by generic-named ingredients to the PEC, where the RxNorm codes are centrally assigned and managed for the project. If the reported medication has been collected previously in the TEDDY study, it is included in an on-line codebook, where research staff can access the correct code. If the medication name has not been previously collected, field researchers contact the PEC, whose staff determines the correct RxNorm code using the NLM's RxNav tool [38] . Because there is no single source for international brand name-generic name, each TEDDY site is responsible to determine generic (active) ingredients from any brand name reported medications from best national sources (when the brand name cannot be found in RxNorm). [While the World Health Organization's International Nonproprietary Names (INN) provide a well-adopted global standard naming for nonproprietary (generic) names, there is no accessible numerical code associated with unique drug names. Additionally, the INN does not maintain data on the many different brand names (across countries) for each generic drug.] The PEC developed an on-line codebook (linking multiple proprietary names to unique generic ingredients or unique combinations of generic ingredients) to facilitate users to access a subset of (common) RxNorm codes remotely and on demand. Further, the PEC has an internal system in place to deal with generic drug names that might not be found in RxNorm. This process includes the assignment of a temporary ID number while the PEC contacts NLM about including the medication in RxNorm.
Process for collecting dietary supplement data in TEDDY project
The process identified for the coding of dietary supplements is similar to that for medications. All information is collected in a standardized way by centrally trained and certified local interviewers, supervised by centrally trained and certified site nutritionists, the country lead nutritionist, and the international nutrition manager. During the TEDDY clinic interviews, if the product and/or label are not provided by the subject, clinical staff make extensive probes to ascertain the product, product form, dose taken, and related information. Following the clinic interview, clinical staff review existing codes of products that have already been reported and associated with the scannable forms. For any product not already coded, the site staff, together with the PEC, assign a new code, followed by identification of label doses, dose forms, and ingredients. This typically involves contacting the manufacturer or distributor directly by telephone or electronic mail.
Status
RxNorm was implemented in the TEDDY project in May 2005 and as of July 2006, coverage has been 99% (282/284), at the level of active ingredients, of all the medications reported in the TEDDY study. Development of the dietary supplement database began in August 2005, and has thus far coded some 1200 dietary supplements and 650 infant formula products and forms from the four countries in our study. We have learned that pediatric supplements in particular include nontraditional and creative dose forms-fizzies, gummies, pops, and droppers, among others, in addition to the customary tablets, capsules and softgels, and thus we have expanded the entries in dose forms variable. Additionally, we found it helpful to distinguish products by country because two or more countries can market products with same or similar names, but different ingredients or doses.
The definitions and operational procedures we have adopted for medications and dietary supplements provide guidance for researchers to collect data systematically and to store it in specific places in the TEDDY data repository. The characteristics of medications and dietary supplements imply different data standards. These data are collected in different parts of the data collection forms, so that single data fields are encoded in a single data standard.
The models for both medications and dietary supplement data are similar, and both allow for the storage, retrieval and analysis of data at varying levels of specificity. Until there are named international or trans-Atlantic data standards for the collection and storage of medication and dietary supple-ment data, this solution allows TEDDY researchers to collect, manage, and analyze data to meet study objectives. Our implementation of a data standard and standardized data collection practices has implications to benefit not only epidemiological research but also applications in patient safety [6] that require standard coded medication information.
Discussion
We recognize the immediate need for international data standards in the area of medication and dietary supplement data. In lieu of accepted standards, we have developed an option that captures standards requirements for epidemiologic research, and has the potential to convert to future standards when they are named. Although RxNorm is solely a US standard, at the ingredient level, most medications reported on the TEDDY study to date have been described in RxNorm. The use of the standards included in RxNorm can facilitate the sharing and exchange of research data across studies as has been called for by the NIH [39] . A standard that represents the relationship between the different granularities of data collection across countries was required. For later analysis and data mining activities, a desirable feature of a data standard would be one with explicit relationships between the different granularities of medication data (e.g., "Acetaminophen" is related to "Acetaminophen 100 mg" is related to "Acetaminophen 100 mg Extended Release Tablet").
The ideal representation for medication data needs a structure that will allow unique codes for these varying levels of detail (since information is often reported to research staff at different levels of specificity), yet capture the relationships between them. Therefore, researchers can use different tables from the relational RxNorm model to capture information across countries, but relationships between the data of differing levels of specificity are explicit and can later be exploited. This same rationale supported the development of the model for storing dietary supplement data. It is critical in outcomes analysis to aim for completeness and accuracy in the collection of data regarding traditional medicines, infant formulas, and dietary supplements. For example, most dietary supplements contain substances known as "micronutrients" in the nutrition vocabulary; that is, they are nutrients needed only in small quantities to support life and growth. But micronutrients are often found to be highly levered-small changes in intakes have the potential to result in large differences in the determination of health and disease. Therefore the accurate and detailed representation of these substances in our datasets, alone, in combination with one another, and in the context of total diet including food, is necessary. We hope that the efforts of ODS to create and support USA data standards for dietary supplements continue, and we hope that emerging standards across the Atlantic address the same requirements that motivated our solution. The National Library of Medicine's UMLS System [40] [41] [42] is a source of linking multiple (over 100) standard healthcare standard vocabularies and could be tool to link RxNorm to SNOMED CT or other classifications that emerge as standards in this area.
Because of the planned longevity of the TEDDY study, the space of medications and dietary supplements that could
Summary points
What was known before the study?
• Epidemiologic and other human research studies collect data on the use of pharmaceutical products and dietary supplements.
• There is no standard international or global coding or classification scheme for these data.
• There is no standard practice for collecting and storing these data, nor is there a standard data model to guide local efforts.
What this study has added to the body of knowledge?
• This work reviews current data standards and "best" practices (both in the USA and the EU) for the collection and storage of data related to the use of pharmaceutical products and dietary supplements.
• This work highlights the challenges in defining international data standards and "best" practices for the collection and storage of these data, and highlights differences in data standards policy in the USA and EU.
• In lieu of commonly accepted data standards, a model for storing reported pharmaceutical and dietary supplement data is presented. This data model and the described data collection practices (used in a large multi-national epidemiologic study) fulfill epidemiologic research data requirements and have the potential to convert to future standards when they are established.
conceivably be reported over the study life is impossible to define, as TEDDY is targeted to collect data until at least the year 2020 and beyond. The tools we have adopted are flexible and allow distributed research staff to search the entire data space, including generic and proprietary names. We recognize that standards for nomenclature, coding, and data harmonization are evolving, and we have structured our designs to have flexibility to accommodate emerging standards. Our prime objective was to create data structures and coding methodologies that are robust, detailed and operate in a platform-independent software environment that can serve as efficient interim repositories until global, or at least transAtlantic standards are adopted. The data structures and data collection methodologies set in place for the TEDDY study will hopefully facilitate migration once international standards for medications and dietary supplements emerge, and common, publicly accessible databases for coding these products are realized.
Conclusion
Clinical researchers require data collection and coding systems that can facilitate the rapid capture, coding, and catego-rization of products, according to brand name and ingredients, adverse effects, with perhaps the added capability in the case of dietary supplements and traditional medicines, to include a grading system for authentication of product constituents, doses, and drug-supplement interactions. Data standards requirements for a large epidemiological study led to the selection of RxNorm as an ideal standard for medication data, and promoted the design of new data structures to serve as interim repository for dietary supplement data, pending evolution of trans-Atlantic or global product and coding standards.
